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Abstract

Salmon production is threatened by sea louse Lepoptheirus salmonis, affecting both the
environment and the industry’s economy. Use of the cleaner fish ballan wrasse (Labrus
bergylta) is a promising method of salmon delousing with good results. The individuals used
in salmon farms have so far derived from wildfish catches, but there is now interest in ballan

wrasse aquaculture, as a more sustainable and environmental-friendly solution.

During this experiment ballan wrasse larvae were fed with either enriched rotifers Brachionus
sp., followed by enriched Artemia franciscana (Rot treatment) or with reared copepods
Acartia tonsa (Cop treatment) until 45 day post hatch. This is probably the first study on
ballan wrasse larvae with copepods as exclusive first feed. Larvae of the two treatments were
compared for growth, survival and expression of seven genes (cycl, cox5a, mnsod, fxn, crisl
and pla2g6”) whose encoding products are localized in the mitochondrion. All genes were
related to oxidative phospholyration, with two of them being parts of the final complexes of
the electron transport (cycl, cox5a).

Cop larvae had a significantly higher growth during the whole experiment, while survival did
not differ significantly. Gene expressions had good correlations with the larval standard
length, implying that body size is more reliable than age for denoting the larval development.
All genes except pla2g6 were higher expressed for the Cop treatment during the first 8 days
post hatch, suggesting higher mitochondrial activity and energy (ATP) generation for the
initial larval period. Specifically cox5a expression corresponded with larval dry weight
increase, implying a strong molecular effect of the initial diet quality on cellular energy

generation and growth.

The present study underlines the importance of diet quality during the early days of the ballan
wrasse life and results confirm other studies stating that reared A. tonsa is an optimal fish
larval live feed for this period. Results also imply that copepods have a positive impact on the

mitochondrial respiration, especially for the early larval days.

" cytochrome c1, cytochrome oxidase subunit Va, manganese superoxidase dismutase, frataxin, cardiolipin
synthase, phosholipase A, group VI
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ARA
ATP
cDNA
CL
COX
coxba
crisl
cycl
DHA
dph
EPA
FA
FXN
fxn
HUFA
MH
MRNA
MNE
MnSOD
mnsod
OP

PL
PLA,
PLA,Gg
pla2g6
PMMA
PUFA
gPCR
RNase
ROS
RT-PCR
SE

SL
SOD
SsPLA,
VDAC1
vdacl

arachidonic acid, 20:4(»-6)

adenosine triphosphate

complimentary deoxyribonucleic acid

cardiolipin

cytochrome oxidase

cytochrome oxidase subunit Va encoding gene
cardiolipin synthase encoding gene

cytochrome ¢l encoding gene

docosahexaenoic acid, 22:6(w-3)

days post hatch

eicosapentaenoic acid, 20:5(w-3)

fatty acid(s)

frataxin

frataxin encoding gene

highly unsaturated (minimum 3 double bonds) fatty acid(s)
myotome height, perpendicular to the skeleton axis from behind the anus
messenger ribonucleic acid

mean normalized expression

manganese superoxidase dismutase

manganese superoxidase dismutase encoding gene
oxidative phosphorlyration

phospholipid(s)

phospholipase(s) of the superfamily A,

phospholipase A, group VI

phosholipase A; group VI encoding gene

polymethyl methacrylate

polyunsaturated (minimum two double bonds) fatty acid(s)
quantatitative (or real time) polymerase chain reaction
ribonuclease

reactive oxygen species

reverse transcription polymerase chain reaction
standard error of the mean

standard length, upper lip to end of notochord
superoxidase dismutase

secratory phospholipase A,

voltage-dependent anion channel 1
voltage-dependent anion channel 1 encoding gene



1. Introduction

1.1 Background

Norway is Europe’s leader in aquaculture production and the top producer of Atlantic salmon
(Salmo salar) worldwide (FAO, 2012). Salmon products are the fourth most exported goods
in Norway (SSB), making it a very important source for the country’s income. However
cultured salmon production is negatively affected by the ectoparasitic copepod sea louse
(Lepoptheirus salmonis). Infestations have been occurring since very early in the history of
salmon farming (Brandal & Egidius, 1977) and plague the farmers until today. Sea louse gets
attached on the fish’ skin and consumes mucus, epidermis and blood, often as deeply as
bearing the skull (Brandal & Egidius, 1977). Fish’ osmoregulation gets affected, making them
prone to secondary bacterial infections (Wootten et al., 1982; Grimnes & Jacobsen, 1996;
Bjern & Finstad, 1997; Wagner et al., 2003). The fact that lice-infested fish cannot be sold, as
well as deaths in the farmed population damages the production severely; the economic loss
for Norway was over 500 million NOK in 1997 and over 117 million NOK in 2008 (Pike &
Wadsworth, 1999; Costello, 2009). Apart from the economical, environmental issues rose as
well; salmon cultures serve as a continuous “lice reservoir” putting wild salmonid populations
at potential risk (Morton et al., 2004; Heuch et al., 2005; Krkosek et al., 2005; Skilbrei et al.,
2013; Torrissen et al., 2013).

Throughout time various methods have been used for treating the infestations. Today five
chemotherapeutant types are being applied by salmon farmers: organophosphates,
avermectins, pyrethrins/pyrethroids, benzoylphenyl ureas, and hydrogen peroxide (Roth,
2000). Negative effects of the pesticides have been noted, suggesting that they cause sea louse
to eventually become less sensitive (Jones et al., 1992; Treasurer et al., 2000; Sevatdal et al.,
2002; Fallang et al., 2004; Whyte, 2013). Moreover, chemotherapeutants’ toxicity increases
for smaller fish (Kumaraguru & Beamish, 1981) making it possible for small non-targeted

species as well as invertebrates of the local natural environment to be affected.

Sea louse pesticides per se, as well as the labor needed for the application are expensive.
Growth gets affected directly by the treatment-related stress that may appear and the fact that
some medicines require a period of starvation (Treasurer, 2002).

Biological control techniques are now used as a partial solution to the sea lice issue.

Goldsinny (Ctenolabrus rupestris), rock cook (Centrolabrus exoletus) and cuckoo wrasse



(Labrus ossifagus) were the first species to be tested as salmon lice cleaners (Bjordal, 1988).
Wrasses’ superiority as a delousing method lies in the fact that they are environmentally less
intrusive than chemicals, and induce no resistance-related dangers. In addition to that, they are

less costly to use compared to pesticides (Treasurer, 2002).

In Norway, Labridae have been harvested naturally and used as cleaner fish in salmon farms
since 1988. Even though at some point wrasses were mostly replaced by chemical pesticides,
from 2006 use of wrasses has been increasing. The main reason was the resistance that lice
developed towards the chemicals, resulting to poor effectiveness. Harvests of wrasses
doubled from 2009 to the following year, reaching approximately 11 million fish. Need for
cleaner fish was estimated in 2011 as 15 million individuals per year for the whole of Norway
(Hamre & Szle, 2011); this number is probably larger today, as the salmonid production has
increased. These facts indicate that there is need for intensive production of cleaner fish. Even
though there is still not evidence that natural wrasse populations are in danger, it is possible
that excessive fishing can harm small and local populations (Espeland et al., 2010). Delousing
effectiveness varies from species to species and fish age, but naturally harvested wrasses tend
to be a mixture of species and ages. Apart from the high mortality of wrasses during
transportation, harvests often have a seasonal variation. Intensive production of cleaner fish,
and specifically wrasses, would overcome these barriers, securing a steady supply of one

species of a controlled size throughout the year.

1.2 Ballan wrasse (Labrus bergylta) in aquaculture

The first ballan wrasse farm in Norway was established in 2009 by Marine Harvest (Espeland
et al., 2010) and since then more companies have followed. Ballan wrasse is the largest
(reaching 60 cm in length) and the third most abundant of the wrasses in the Norwegian
waters (Kvenseth & Mortensen, 2005; Havforskningsinstittutet, 2012) and it is considered the
most effective cleaner species, due to its broad versatility (Sayer & Treasurer, 1996; Espeland
et al., 2010). It has been observed to be an active cleaner fish even in very low temperatures
(3.5 °C; Kvenseth et al., 2003), although it was recently suggested that sudden changes in
water temperature can be critical for its cleaning activity (Lein & Helland, 2013). Ballan
wrasse is highly effective; only 0.5 % (number of individuals to number of farmed fish per sea
cage) is considered enough for salmon delousing, while other wrasse species are needed in

larger amounts (Kvenseth et al., 2003; Solheim, 2011). Unlike other wrasses, it prefers



plucking adult bearing eggs lice, controlling the population of the next generation (Kvenseth

et al., 2003). However juvenile production of ballan wrasse is rather challenging.

1.2.1 Larvae nutrition; requirements and live-feed debate.

Pelagic marine fish larvae hatch being very small and relatively little developed. Newly
hatched ballan wrasse is no exception; it measures approximately between 3 and 3.5 mm
standard length, while the organ development seems to be similar as in other marine larvae
(Gagnat, 2012). Ballan wrasse farmers use traditional live feed for the marine species:
enriched rotifers followed by enriched brine shrimp (Artemia sp.) nauplii. Rotifers and brine
shrimp are simple to produce in both small and large scale cultures and culturing systems are
improving until today (Conceicéo et al., 2010; Kostopoulou et al., 2012). Nevertheless,
production of high quality marine fish and specifically ballan wrasse juveniles is often a
bottleneck, as it is hampered by mortality, low growth and skeletal deformities and
malnutrition is often the case (Hamre, 2006; Ottesen et al., 2012a; Sgray, 2012).

First feeding with copepods has immerged as a new possibility instead of rotifers and brine
shrimp the late years. So far copepods and in particular Calanus finmarchicus have been
harvested naturally and used as feed in larval aquaculture. When harvested naturally, copepod
supply can be seasonal or unpredictable, while it is possible that parasites are transferred to
the larvae under feeding. These problems can be minimized by farming, nevertheless copepod
cultivation has so far been considered expensive and has remained in experimental level.
SINTEF and NTNU (Norway) have been researching culturing systems for production of
calanoid copepods for the past decade (Evjemo et al., 2008). In particular Acartia tonsa is a
well-studied species (Ismar et al., 2008; Nesse, 2010; Skogstad, 2010; Hagemann, 2011,
Thuy, 2011), which has resulted in better growth, physiological development, stress tolerance
and survival of Atlantic cod (Eidsvik, 2010; Halseth, 2010; Hansen, 2011; Kortner et al.,
2011; Norheim, 2011) and on ballan wrasse (Almli, 2012; Berg, 2012; Gaganat, 2012; Sgray,
2012). After the encouraging results, NTNU and SINTEF are developing methods for large

scale production of copepod eggs and foresee a promising future.

Ballan wrasse does not possess a functional stomach neither as a larva, nor as an adult, and
pyloric caeca are also absent (Hamre & Seale, 2011). There is therefore need for easily
digestible first feed, rich in short chained proteins and free amino acids (Rgnnestad et al.,

1999, 2000). Total amino acids in copepods are 596 + 59 mg g™* of dry weight, of which a



notable part (12-13 %) represents free amino acids (Hamre et al., 2013). Stoss et al. (2004)
referred to this amount as 55-58 % of the dry weight. The corresponding total amount of
amino acids in rotifers and brine shrimp has been measured as 396 + 12 and 471-503 mg g™
of dry weight, from which free amino acids represent only 5-7 % and 9-10 %, respectively
(Srivastava et al., 2006; van der Meeren et al., 2008; Hamre et al., 2013). Amino acids, apart
for being the basic structural unit of protein biosynthesis, function also as N, suppliers and
precursors for various biochemical reactions. Ten amino acids, namely arginine, histidine,
isoleucine, leucine, lysine, methionine, phenylalanine, threonine and valine, cannot be
synthesized de novo by the fish larvae, and therefore are essential to be supplied with feed, in
a digestible form (Jobling, 2004). Ratio of these ten amino acids:free amino acids do not show
big differences between the three live-feed species (Hamre et al., 2013). Interestingly, though,
the always free amino acid taurine, which is almost absent in rotifers (0.08 + 0.04 % of
protein) (Srivastava et al., 2006; Hamre et al., 2013) improves marine fish larval growth and
enhances metamorphosis (Chen et al., 2004, 2005; Pinto et al., 2010).

As well as proteins, phospholipids (PL) are crucial nutrients for the marine fish, and
requirements are much higher in the larval than the adult period. (Kanazawa et al., 1981,
Coutteau et al., 1997; Sargent et al., 1999; Cahu et al., 2003a, 2003b). Marine fish larvae
cannot synthesize enough PL to cover their fast growth and development (Coutteau et al.,
1997; Tocher et al., 2008) and therefore it is necessary to balance the PL deficiency through
their feed. PL possess a hydrophobic and a hydrophilic structural units and therefore form
bilayers in water; this is the paramount of the biomembrane formation of all eukaryotic cells
and cellular organelles, including mitochondria. PL play an important constructive and
functional role in the cellular membranes, especially on neural tissues such as eyes and brain
(Bell et al., 1995; Furuita et al., 1998). PL are involved in the lipid transportation from the
gut, and are also suggested to improve the diet palatability (Szich et al., 2005; Berg, 2012).
Finally PL serve as an important energy source during egg development and endogenous
feeding (lIzquierdo & Koven, 2011).

PL and generally lipids are the main source of energy (Sargent et al., 2002) and provide
larvae with fatty acids (FA), important nutrients for the marine larvae. FA and can be
saturated or unsaturated, depending on the existence of double bonds in their structure. Three
highly unsaturated FA (HUFA) are of particular importance; docosahexaenoic acid (22:6(w-
3); DHA), eicosapentaenoic acid (20:5(w-3); EPA) and arachidonic acid (20:4(w»-6); ARA)
are essential for providing larvae a good growth and tissues development. Ratios of



DHA:EPA and EPA:ARA are also important (Curé et al., 1996; Rodriguez et al., 1998,
Tocher, 2010). Since enzymes A5-desaturase and C18-C20 elongase are absent in marine fish
larvae, the prementioned HUFA cannot be synthesized de novo (Stettrup & McEvoy, 2003;
Olsen et al., 2004). HUFA can be supplied either as structure units of PL, or as FA
incorporated in the molecular structure of triacyglycerols (TAG; fats and oils). While rotifers
and brine shrimp meet the larval protein requirements, they are naturally insufficient in -3
HUFA, especially DHA and EPA, therefore they are enriched before use as a feed to larvae
(Lubzens & Zmora, 2003; Hamre et al., 2013). Enrichment mediums contain DHA, EPA and
arachidonic acid (20:4(w-6); ARA), as well as proteins, vitamins, lipids, and some minerals.
However the provided HUFA get incorporated in the neutral lipid fraction of rotifers and
brine shrimp. HUFA supplied as PL compounds are more effectively digested, and thus more
beneficial than the HUFA deriving from the TAG. Several studies show improvement of the
digestive tract development, growth, lipid digestion and vertebrae formation, as well as direct
incorporation of PL in the cellular membranes (Olsen et al., 1991; Coutteau et al., 1997; Cahu
et al., 2003a; Gisbert et al., 2005; Kjarsvik et al., 2009; Wold et al., 2009). In addition, brine
shrimp catabolise the DHA of their enrichment rapidly, ending up with a low DHA and
DHA:EPA amount, when fed to the larvae (Evjemo et al., 1997; Olsen, 2004).

On the other hand copepods’ PL are rich in PUFA and HUFA, in particular DHA and EPA,
and the content depends on the species and their food (Witt et al., 1984; Evjemo & Olsen,
1997; Nanton & Castell, 1998; Anderson & Pond, 2000; Payne & Rippingale, 2000; Evjemo
et al., 2003). Their EPA:ARA ratio is also higher than the enriched rotifers and Artemia
(Hamre et al., 2013 ). They are therefore a more suitable live feed for various species of
marine fish larvae (Evjemo et al., 2003; Kjesbu et al., 2006; Eidsvik, 2010; Halseth, 2010;
Overrein, 2010; Hansen, 2011; Norheim, 2011).

1.2.2 Diet effects under the microscope: cells and mitochondria

As mentioned above, copepods as a first feed affect positively the development of the pelagic
larvae. Diet effects are often the reflection of biochemical reactions occurring on the cellular
level, and the cell’s powerhouse: the mitochondrion. Mitochondria are unique semi-
autonomous organelles of eukaryotic cells with own genome, which serve important functions

as energy production (ATP), respiration and apoptosis programming. The mitochondrial inner



membrane folds into numerous cristae, offering a big surface for functions and separating

space into the matrix and the intermembrane space.

Studies on marine fish larvae have shown that the dietary fatty acid profile can have an effect
on the mitochondrial condition (Olivotto et al., 2011). Swollen mitochondria have been
associated to dysfunction of lipid metabolism at sea bream, sea bass and pike-perch larvae
(Diaz et al., 1998), or lipid malnutrition (Segner & Moller, 1984; Leifson et al., 2003a,
2003b). In a recent study in cod hepatocytes mitochondria showed a different inner membrane
structure and density for different lipid diets (Wold et al., 2009). These observations, together
with the prementioned variation in FA content (Paragraph 1.2.1) of the different live feed,
indicate that the type of live feed offered to the larvae can have a direct effect on
mitochondrial membranes, and possibly the cellular overall well-being. Mitochondrial inner
membrane is structured of a PL bilayer, proteins and lacks cholesterol, but the role of
membrane flexibility is played by cardiolipin (CL; Filho, 2007), a crucial PL which is
exclusively synthesized in the mitochondrial inner membrane (Hatch, 1996). CL, unlike other
PL, possesses four acyl-chains, connected to a three-glycerol back bone; this results to a cone-
shaped structure, which is responsible for the hexagonal phase of the inner membrane during
fusion. The hexagonal structures are also important for the spatial connection between the
inner and the outer membrane (Houtkooper & Vaz, 2008).

Norheim (2011) fed Atlantic cod larvae with rotifers, brine shrimp and copepods in different
sequences and enrichments. Apart from the expected positive observations of copepods on
growth and survival, she also examined digestive tissues and made a striking observation: in
many mitochondria of larvae fed- especially unenriched- rotifers on 19 dph (days post hatch),
inner membrane was not distinct and cristae seemed undefined. On the contrary, larvae fed
copepods displayed clear mitochondrial cristae, even the ones that had been fed copepods for
just until the 7 dph. Such findings were observed in both liver and gut tissue and a possible
conclusion was low functionality, since inner membrane plays an active role in the oxidative
phosphorylation (OP). The rotifer-fed larvae were measured to have high glycogen
concentration stored in the liver, which indicated an inability of those cells to metabolize
glycogen, probably because of the bad quality cristae. Olivotto et al. (2011) made a similar
observation for the muscle tissue of false percula clown fish. Norheim (2011) assumed that
copepods, being rich in PL, affected directly the inner membrane structure, by providing a
high amount of PL and PUFA to the fish. Mitochondria were also smaller for yolk sac larvae

(4 dph), which according to Ghadially (1997) means low metabolic activity; interestingly,



mitochondria of the cod larvae (19 dph) fed unenriched rotifers were found to be smaller than

the ones of the larvae fed either enriched rotifers or copepods.

Various mitochondrial actions are space-specific, i.e. oxidative phosphorylation (OP) occurs
in the intermembrane space, and inner membrane very often plays an important role. Other
factors that can change membrane composition in fish are osmotic pressure and temperature
and are studied for many decades (Richardson & Tapell, 1962; Wodtke, 1977; Bell et al.,
1985). Age and stage of development, as well as the metabolic activity of the tissue are
known to affect the size and the density of the mitochondria (Ghadially, 1997; Hgvde, 2006;
Wold et al., 2008). Diet can also have a direct effect on the mitochondrial membranes

composition, actions, and hence alter their appearance.

Outside the mitochondrion, PL are hydrolyzed by phospholipases. Phospholipases of the
superfamily A, (PLA,) play an important role catalyzing the hydrolysis of the ester bond at
the sn-2 position of PL, producing a free fatty acid and a lysophospholipid (Izquierdo &
Henderson, 1998; lzquierdo, 2000). PLA, are grouped according to their specificity, tissue of
function and dependency on the presence of calcium cations (Ca*). A family of PLA,, are
Ca®* independent (iPLA,) and function within the cytoplasm. iPLA; are involved in important
functions, such as cell proliferation, apoptosis, membrane transport and direct alteration of the
membranes tubulation7 (Brown et al., 2003; Morrison et al., 2012). Another important family
is secretory PLA; (SPLA,), which is Ca®* dependent; its activity is found to be affected by the
diet of ballan wrasse larvae, showing increased activity for a rotifer diet in comparison to a
more rich in phosphorus formulated feed (Hansen et al., 2013). Because of its notable role on
cellular PL metabolism, a coding gene of an iPLA; together with various genes involved in

mitochondrial functions are being focused on in this study.

1.5 Aim of the study

In the present study ballan wrasse larvae are treated with two different feeding regimes. First

treatment includes enriched rotifers of the Brachionus sp., with enriched Artemia franciscana
taking over at 40 dph, after a co-feeding period. Second treatment includes a HUFA-rich diet
of exclusively cultivated Acartia tonsa fed cultured Rhodomonas baltica. This experiment is

possibly the first to involve cultivated copepods as the exclusive feed for the whole start

feeding period of ballan wrasse. To observe the direct dietary effect, larval growth (dry



weight, % daily dry weight increase, standard length and myotome height) and % survival

were examined.

With the interest on ballan wrasse growing in Norway and inspired by Norheim’s work
(2011), the present study aims to observe effects on the mitochondria, when ballan wrasse is
fed cultivated copepods as the only live feed throughout the larval phase. Expression of genes
linked to mitochondrial functions (mitochondrial respiration, membrane permeability, PL

metabolism) is measured. Selected genes and function summary are displayed on Table 1.

Expression of the specific genes is measured for the first time on ballan wrasse and some of
them have never before tested on fish tissue. Finally, experimental hypothesis is that larvae
fed copepods will show a better growth, higher or similar survival, and different expression of
genes than the ones fed the traditional live-feed.



Table 1. Genes, encoding products, important functions and cellular mechanisms involved. Reference:
Genecards® online database (genecards.org)

Mechanisms Gene Encoding Product functions
product
Subunit of the b-c1 complex (111
complex), which accepts electrons from
cycl cytochrome c1 Rieske protein and transfers them to
cytochrome ¢ in the mitochondrial
subunits in oxidative respiratory chain.
phospholyration chain Subunit Va of cytochrome oxidase
cytochrome enzyme (COX). COX is the terminal
cox5a  oxidase subunit enzyme of the respiratory chain (IV
Va (COX 5a) complex); it transfers electrons from
cytochrome ¢ to molecular oxygen.
membrane permeability, voltage-dependent Protein which is a major component of
osmoregulation, Ca*, ATP dacl ion channel 1 the outer mitochondrial membrane,
transfer, oxidative vdacl anion¢ facilitating exchange of metabolites and
; (VDAC1) .
phosphorylation ions.
ROS regulation, oxidative QFJToggrngjgse Enzyme_(';ha_t catalyzesdthe dismutatio_n of
phosphorylation mnsod dismutase sllquercl)lx]lc e into _Oz an H,O,, protecting
(MnSOD) the cell from oxidation.
multiple functions _ Protgin_which regulates iron transport and
L Co fxn frataxin (FXN) respiration and promotes the heme
oxidative phosphorylation bi .
iosynthesis.
mitochondrial inner
membrane structure, cardiolipin Enzyme that synthesizes cardiolipin (CL),
permeability, apoptosis, crlsl  synthase transferring the phosphatidylglycerol
fusion, oxidative (CRLS1) group from one molecule to another.
phosphorylation
cell proliferation,
apoptosis, mitochondrial
membrane transport, phospholipase A,  Cytosolic, Ca®* independent enzyme
alteration of the pla2g6 group VI which metabolizes phospholipids.
membranes tubulation, (PLA,Gs) Encoded in mitochondria.

inner membrane lipids

protection

10



2. Materials and Methods

The experimental part of the present study, as well as growth and survival analyses took place
at NTNU Centre of Fisheries and Aquaculture and SINTEF Fisheries and Aquaculture,
(Trondheim, Norway) from 28 September to 9 November 2012. Molecular analyses were
performed at NIFES Laboratory for Molecular Biology (Bergen, Norway) from 4 to 26
February 2013.

2.1 Rearing of ballan wrasse (Labrus bergylta) larvae

Ballan wrasse (Labrus bergylta, Ascanius 1767) larvae aged 2 days post hatch (dph) were
purchased from Nofima (Sunndalsgra, Norway) and transported by car in plastic bags. Upon
arrival oxygen and temperature were measured and larvae were acclimatized to temperature
of the holding tank (12 °C; 250 L), before release. The holding tank was gently aerated
through a central tube, to minimize turbulence. Larval density was measured the following
day (3 dph), by taking several samples of 1 L and counting the larvae. Larvae were then
transferred to six 100 L, flow-through, black-walled tanks at an estimated density of 8200
larvae per tank. Temperature and O,-levels were measured daily (ProODO Optical Dissolved
Oxygen Meter, YSI Inc., OH, USA), being kept at 12-16 °C (table 2.1) and at 80 %

respectively. The aeration was kept at low levels.

Sea water was pumped from a distance of 800 m from the shore of Brattgrkaia (Trondheim,
Norway) in 70 m of depth. Water was first flowed through two sand filters where particles
larger than 40 um were removed. It was then matured as described by Skjermo et al. (1997).
Matured water flowed through a heat exchanger which was bringing it to 14 °C, before
entering a water degasser of low atmospheric pressure to avoid N, supersaturation. Water was
then gathered in a 5000 L tank and went through the above cycle repeatedly. Tank held
biofilter substrates of 1 m*® volume and total surface of 800 m?. Water finally flowed through a
second heat exchanger where it got chilled to desired temperature (12 °C) before entering the
rearing tanks. Maximum flow from the